Over the coming years GPS and GLONASS will be modernised, whilst at the same time new systems like QZSS, Galileo, and Compass are launched. The modernisations of the existing and the deployment of new Global Naviagation Satellite Systems (GNSS) will make a whole range of new signals available to the users.
Introduction
The two GIOVE A and B, as well as the launch of the first GPS Block IIF satellite are first concrete signs of the ongoing changes in the GNSS environment. In the near future the GPS dominated GNSS market will evolve into a true multi GNSS environment, providing a broad variety of frequencies and signals. This evolution can be seen as a driver to further enlarge the field of GNSS applications whilst at the same time improving the existing applications. The main advantage, coming along with the greater number of satellites and frequencies, is the ability to better mitigate and resolve atmospheric effects. * E-mail: schoenemann@ipg.tu-darmstadt.de
Over the recent years we have had the opportunity to work with some of the new data from the GIOVE-A and -B satellites and the latest GPS satellites with G5 (L5 GPS) capabilities. Based on these first experiences with the new signals we recognized that the current commonly adopted approach in GPS and GLONASS analysis is at best sub-optimal in a multi-GNSS and multi-frequency environment. There are two main reasons for this, firstly the availability of highly stable satellite clocks and secondly the high number of different raw observables which all may, or rather will be delayed with respect to each other, e.g., inter-system and inter-frequency biases (Hegarty et al. 2005 , Phelts 2007 ).
Due to the limitation in separating the individual error sources in dual frequency GNSS, today GNSS processing uses signal differences and combinations, such as double differences (DD), single The fundamentally new aspect of our approach for GNSS analysis in a multi-GNSS and multi-frequency environment is that it completely avoids the formation of differences and linear combinations. Undifferenced approaches for the GPS have already been presented, such as de Jonge (1998) and Odijk (2002) , but all of them they still makes use of SD within the processing. Furthermore the extension to arbitrary signals and systems comes a long with numerous new difficulties which need to be solved such as signals specific Uncalibrated Signal Delay (USD) in both satellites and receivers. Our approach makes use of all available observations from all GNSS systems, as observed by all the receivers in a network; incorporated in a single parameter estimation. This leads to an enormous simplification in the data pre-processing as no pre-selection, differencing, nor forming of linear combinations is required. The price to be paid is a significant increase of the number of parameters to be estimated. Hence numerous, currently ignored biases, now needs to be considered, but the most significant increase is the estimation of ionospheric delays for each epoch for each receiver-satellite combination. This article describes our new estimation approach with a strong focus on the problems that may be caused by interfrequency and intersystem biases (Hegarty et al. 2005 ).
Basic Considerations

Clock Stability
GNSS solutions have reached an amazing level of accuracy. The GPS orbit estimates of the International GNSS Service (IGS) agree to within 10 mm and at the same time the weekly station positions agree at the 1 mm level horizontally and 4 mm vertically. Even with the enhancements of the Russian GLONASS system and the advent of the European Galileo system it is not very probable that these systems will increase these unsurpassed accuracy levels any further without significant changes in the data analysis strategies.
One of the areas where significant improvements may be achieved is the clock modeling. In most GNSS analysis the GNSS transmitter and receiver clocks are estimated fully independently for each epoch. This approach ignores the facts that all GNSS transmitter clocks are derived from highly stable atomic clocks, and that within the IGS network a significant amount of receivers are connected to atomic clocks such as hydrogen masers. Furthermore, the clocks The extremely high stability of future satellite clocks, was demonstrated on the experimental Galileo satellite GIOVE-B (Waller et al. 2008 , Schönemann et al. 2009 ) and the modernized GPS satellites. Already the up to date GPS clocks can be divided in two groups the worse Cesium (e.g. G24, G30) and the better Rubidium (e.g. for an approach that is more flexible than differencing and forming pre-defined linear combinations.
Rather than forming the ionosphere free linear combination our approach uses the "raw" observations and estimates one ionospheric delay parameter per epoch for each station-satellite pair. In the case of only two available signals this approach is exactly equivalent to forming the ionosphere-free linear combination, provided the ionosphere parameters are estimated completely free (Mervat 1995) . With more than two signals available there is considerably more information that can be exploited at the cost of additional parameters in the estimation process. In our approach it would be possible to constrain the estimated ionosphere parameters, which could strengthen the solution significantly.
Inter signal biases
For each signal included in the parameter estimation a bias may, and most likely will, have to be estimated. Depending on the individual signal this bias may be satellite, receiver, and/or time dependent. Like the clock estimation in the undifferenced analysis where a reference clock has to be selected, in this analysis a reference observation type will have to be selected. For this "reference signal" no bias will be estimated. Consequently all the biases will be relative to this "reference signal" and also the clocks will be relative to this signal and to the selected reference clock.
In addition, as explained above, ionospheric delay parameters will have to be estimated, as no ionosphere free linear combinations are formed for mitigation.
To enable the processing of single frequency measurements the code observations need to be adjusted by the utilization of socalled Differential Code Bias (DCB) (Schaer 1999 , Schaer 2008 .
Since not only the code measurements, but also the phase measurements are affected by hard-or software delays (Blewitt 1989) , resulting in Fractional-Cycle-Bias (Ge et al. 2008) In this case the corresponding hardware biases in the satellite are the same at the provider and the user side and therefore they can be neglected. Note that this is only true when the user also uses the P1 and P2 observables. Alternatively the user may correct, or rather convert, C1 observables to P1 observables using the so-called P1-C1 biases, delivered by the IGS. For C2-P2 a similar problem exists but no products exists from the IGS that enables a corrective conversion, of C2 to P2.
The huge benefit of our approach, if the IGS or any other GNSS service provider would adopt it, would be that all biases between all signals would be available. In this case the user will be completely free in his way of processing GNSS observations. It allows the user to process single signals, form signal differences, or any signal combination. This flexibility offers the chance to optimally cope with the future signal multiplicity. The user only must ensure that he applies the appropriate biases to the signals he uses.
Bias stability
The vital point for future multi frequency GNSS processing will be the stability of the different inter signal biases. This holds no matter if the signal processing is based on signal combinations or on undifferenced observation. First analyses already demonstrated the existence of inter-frequency drifts and even periodic variations (Montenbruck et al. 2010c) . The difficulty of these variations becomes visible, when plotting the differences of the corrected (ionspheric delay plus mean phase bias removed) individual phase measurements against the mean range. Figure 2 shows these differences for the phase observations on G1/G2/G5 for the GPS-62 satellite. In this case range differences up to 20 mm (GPS L(G2) vs. L(G5)) appear, dependent on the frequency used. The magnitude of the phase variation shown, compared to previous publication (100 mm) (Montenbruck et al. 2010b ) is discussed in section 4.2.
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Time system definition
Apart from that, there is still the issue of how to combine all available signals in a reasonable way. The major issues for the combination of different measurements are the signal dependent biases, resulting in an apparent signal specific clock offset. 
Processing Time
The approach to utilize all available, code and phase signals will allow a better decoupling of the different error sources, but will increase the computational power needed. Given that today a large IGS like (24 hours, ≈150 Stations) GNSS estimation process merely takes about 1 hour of CPU time using 2GB of RAM and considering that it will take at least a decade to complete the modernisation and/or build the new systems we are confident that the speed of computers and the size of their RAM will be more than sufficient to support our fundamentally new approach.
Mathematical Background
Contrary to the current estimation strategies the new approach makes use of all raw observations, estimating ionospheric delay and USD in a single Least-Squares (LSQ) estimation. This means no signal differences or combinations are used to derive the phase ambiguities or the ionospheric delay.
Equation (2) 
Satellite position (ECEF) δ ( − τ)
Satellite clock error (t-τ) The goal of the analysis described in the next section is the proof the practicability of our new approach. Therefore we focused our analyses on the satellites providing signals on at least three frequencies. There are currently two satellites, transmitting more than two frequencies, the first GPS Block-IIF (GPS-62) and the GALILEO test satellite GIOVE-B. Indeed GIOVE-B is not providing the ideal three frequency data set, as transmission is restricted to two frequency bands at a time and so three out of the four provided signals are part of the E5 frequency band (see Table 1 ). 
Due to the elimination of station coordinates the observation equation becomes solvable without linearization, using least squares. 
Proof of Concept
In this section we demonstrate the new estimation approach with a strong focus on the characteristics of the expected intersystem and inter-frequency biases. We have selected the PPP approach (Zumberge et al. 1997) to demonstrate some of the interesting features in particular because the PPP approach was motivated by the idea of mitigating all individual error sources by adequate correction models. Furthermore, the PPP approach is very widely used and may suffer the most from the emergence of new signals because for this approach it is mandatory that the same observables are used on the "server" and "client" side. In a multi-GNSS and multi-frequency environment this may seldomly be the case.
As a test site the GNSS station Wettzell (WTX), part of the CONGO was selected. WTX provides data of three different GNSS receivers connected to the same antenna. Therefore data and products, In order to examine the stability of the receiver dependent USD the inter receiver-signal double differences (RSDD) were computed, where E and E denote the signals to be analysed:
Due to double differencing the receiver and satellite clock offsets, as well as the satellite dependent USDs are removed. Hence the remaining difference can be attributed to inter frequency phase variations. These phase variations include the variations of both receivers and cannot be assigned to an individual one. Unlike phase measurements in the same frequency band (E5/E8), Figure   5 shows systematic frequency variations between E1 and E5 phase measurements. 
Ionopshere Estimation
The first point of interest is the ability of the new approach to derive the ionospheric effect. Therefore the ionospheric correction conventionally derived of E1 and E5 by the ionospheric combination, is compared to the ionospheric delay estimated in the proposed Least-Squares approach. Figure 6 shows the difference of the com- 
Stability of phase biases
Up to now all analyses present are based on GIOVE-B observations.
The reason for this decision is the stability of the phase biases in the satellite. In contrast to the GIOVE-B phase biases, GPS-62 observations show significant sub-daily phase variations (Table 1 and Montenbruck et al. 2010b ). These variations make it considerably more difficult to model the USD and to combine the different measurements. Montenbruck et al. (2010b) 
(5) Figure 9 shows the L(G1) range residual as response to different ionospheric correction models, whereby the range residuals δR(t)
were computed as follows:
The best In a next step signal combinations based on two different frequency pairs were estimated and compared in Figure 10 . There are no significant variations in the residuals derived from the LSQ based on G1/G2 and the G1/G5 signals, whereas a clear signal pattern can be found for the signals on G2/G5. That conforms previous analyses (Montenbruck et al. 2010a , Montenbruck et al. 2010b ).
In summary, it can be stated that a single phase variation can be absorbed by the receiver clock estimate, whereas variations in additional signals will result in a doubtful solution that includes a Journal of Geodetic Science Ionosphere G2-G5 Ionosphere G1-G2 Ionosphere G1-G5 Ionosphere LSQ Figure 9 . G1 phase residuals, referred to different ionosphere corrections. δR( ) = P(sig ) − δion( ) + δcor(sig )
The significant improvement for the new code modulations on E5, E7 and especially for the AltBOC on E8 is clearly visible. Hence, as soon as the issue of USD is solved the performance of the AltBOC (E8) code signal will allow decimetre positioning, using the GRAPHIC combination (Yunck 1993) .
Conclusions
In this article we have proposed a new approach for GNSS analysis in a multi-GNSS and multi-frequency environment. The fundamentally new aspect of our approach is that it completely avoids the formation of differences as well as of linear combinations. Thus all available observations from all GNSS systems as observed by all the receivers in a network may be incorporated to the parameter estimation. This leads to an enormous simplification in the data analysis as no pre-selection of any observations is required. We Besides the potential of the multi-GNSS, multi-signal processing this article also highlighted the problem of bias stability. The stability or better the ability to estimate or model the USD is the crucial part of future GNSS processing. With the large amount of different signals and observables it will be of prime importance that the biases between the signals both at the level of the satellites as well as at the level of the receivers are stable over time. If the biases are stable GNSS analysis in a multi-GNSS and multi-frequency environment will bring significant improvements compared to todays "dual signal" situation.
